Avian metapneumovirus (aMPV), the primary causative agent of severe rhinotracheitis in turkeys, is associated with the swollen head syndrome in chickens and it is a source of significant economic losses during animal production. In this study, the partial sequences of the genes predicted to encode the fusion protein (F), attachment protein (G), and nucleoprotein (N) of six Brazilian aMPV isolates were analyzed and compared with previously published data for the aMPV genes. A phylogenetic analysis of the nucleotide sequences indicated that these Brazilian isolates have the same genetic subtype, previously named subtype A (aMPV/A). An analysis of the synonymous and non-synonymous nucleotide substitution ratio (dn/ds) for the F, G, and N genes yielded values higher than 1 when comparing the sequences of the aMPV/A viruses with those of viruses in other aMPV subgroups. However, the average dn/ds ratio was lower than 1 for the F, G and N genes when comparing sequences within the aMPV/A subgroup. From these results, the selective pressure analysis revealed a negative selection based on the F, G, and N genes among the aMPV/A viruses. Moreover, because different aMPV subgroups are highly diverse, the low dn/ds ratio for F, G and N genes among the aMPV/A viruses indicates that these genes are subject to positive selection.
INTRODUCTION
Avian metapneumovirus (aMPV), previously called avian pneumovirus (APV) or Turkey rhinotracheitis virus (TRTV), belongs to the subfamily Pneumovirinae of the family Paramyxoviridae (Fauquet & Fargette 2005) . Later, aMPV was assigned to the genus Metapneumovirus, along with human metapneumovirus (hMPV) (van den Hoogen et al. 2001) . These viruses contain a single stranded, non-segmented, negative-sense RNA with an approximately 13,000-bp long genome. The aMPV genome consists of eight viral genes arranged as follows, beginning at the 3' end: nucleoprotein, phosphoprotein, matrix, fusion, second matrix, small hydrophobic, glycoprotein and large polymerase ('3-N-P-M-F-M2-SH-G-L-5'). The genes are flanked by a leader and trailer at the '3 and 5' ends, respectively (Easton et al. 2004) .
The aMPV causes acute rhinotracheitis, which is characterized by coughing, nasal discharge and conjunctivitis in turkeys. In chickens, aMPV associates with bacteria and plays a role in the development of the swollen head syndrome (Cook 2000 , Njenga et al. 2003 . aMPV infection is also associated to a drop in egg production in laying hens (Cook 2000) . The aMPV was first isolated from samples from diseased turkeys in South Africa in the late 1970s (Buys & Du Preez 1980) . Afterward, major outbreaks of the disease were reported in the mid-1980s in Europe, the United Kingdom, France and Germany (Giraud et al. 1986 , Hafez & Weiland 1990 , McDougall & Cook 1986 ). More recently, the aMPV was isolated in the United States (US), the Middle East, Asia and other parts of the world (Njenga et al. 2003 . The aMPV has been present in Brazilian flocks at least since 1992 (Arns & Hafez 1992) .
Presently, there are four recognized aMPV subgroups (A-D). The aMPV strains classified within subgroups A, B and D (aMPV/A, aMPV/B, and aMPV/D, respectively) were isolated from turkeys and/or chickens (Bäyon-Auboyer et al. 2000 , Juhasz & Easton 1994 and have been shown to cross-react to some extent in virus neutralization assays and ELISA . The aMPV subgroups A and B (aMPV/A and aMPV/B) are more widely distributed. The subgroup C (aMPV/C) was isolated from turkeys in the US (Lwamba et al. 2002 , Shin et al. 2002 , from ducks in France and from pheasants in South Korea (Lee et al. 2007 ). The aMPV/D was once reported in France (Bäyon-Auboyer et al. 2000) . A sequence analysis of the gene encoding the F protein from the Brazilian aMPV isolates (Dani et al. 1999) Dani et al. 1999) . The main genetic similarities and/or differences between the Brazilian aMPV/A isolates and those recovered from animals in other countries are still unknown. In the present work, the phylogenetic relationships between Brazilian aMPVs and isolates from different countries were analyzed with basis on G, F and N nucleotide sequences.
MATERIALS AND METHODS

Virus Strains
Six Brazilian aMPVs, isolated from 1995 to 2003, were examined. All viruses were propagated in the chicken embryo-related cell line CER (Ferreira et al. 2003 Dani et al. 1999) .
RNA extraction, RT-PCR and sequencing.
The total RNA was extracted from the infected CER cultures using TRIzol (Invitrogen, Carlsbad, USA) according to the manufacturer's recommendations. The viral RNA was reverse transcribed using 60 ng of random primers (Invitrogen) and the Superscript II RNAse H-Reverse Transcriptase Kit (Invitrogen). Two different pairs of primers targeting the aMPV N and F genes were selected based on the conserved regions of the available nucleotide sequences for both genes in aMPV/A. The primers for the N mRNA were as follows: aMPVN+215 (5'-GCA AAA CAC ACC GAC TAT GAG -3'), aMPVN-912 (5'-TAG ACC TCA GAT ACT TGC CTC -3'). The primers for the F mRNA were as follows: aMPVF+3178 (5'-AGG GAG CTC AAA ACA GTG TCA -3'), aMPVF-3875 (5'-CAG TAC CAC CCT TGA TCT TCT -3'). The nucleotide numbering was based on the aMPV LAH strain (GenBank accession no. AY640317). PCR for the N and F genes was performed using a recombinant Taq DNA polymerase (Invitrogen, with final concentrations of 1X PCR buffer, 0.3 mM of the dNTP mixture, 0.125 mM of MgCl2, and 0.2 µM of each primer in a total reaction volume of 25 µL containing 1 µL of cDNA. PCR for the N and F genes was done with an initial denaturation step at 94°C for 3 min, followed by 35 amplification cycles (94°C for 30 s; 53°C for 30 s; 72°C for 60 s), and finally an elongation step at 72°C for 7 min. PCR for the G gene was carried out as previously described (Bäyon-Auboyer et al. 1999) . The PCR products (N gene, 698 bp; F gene, 698 bp; G gene, 448bp) were resolved by electrophoresis on a 1% agarose gel and visualized by staining with ethidium bromide. The PCR products were sequenced directly using the BigDye Terminator Cycle Sequencing Ready Reaction Kit (Perkin-Elmer Applied Biosystems, Tokyo, Japan) with an ABI PRISM 310 Genetic Analyzer (Perkin-Elmer Applied Biosystems).
Nucleotide sequence accession numbers
The GenBank accession numbers for chicken/A/ BR/119/95, chicken/A/BR/121/95, TRTBR/169, SHSBR/662/03, SHSBR/668/03 and SHSBR/669/03 isolates are AY842242, AY842243, AY734531, AY739717, AY739718 and AY739719, according to the G gene; DQ207607 and DQ175630 to DQ175634 according to the F gene; and DQ175635 to DQ175640 according to the N gene, respectively. The sequences for the LAH strain (accession number AY640317) were taken from the full genome sequence available in the same database.
Sequence analysis of G, F, and N genes
The BioEdit software version 7.01 (Hall 1999 ) was used to manipulate the amino acid sequences retrieved, and sequence alignments were performed using the ClustalW software version 1.83 (Thompson et al. 1994 ) using a full alignment and 2000 total replications on the bootstrap to ensure a high level of confidence for our analysis (Efron et al. 1996) . The phylogenetic relationships between the protein sequences were inferred using the MEGA 3 software (Kumar et al. 1994 ) by constructing neighbor-joining trees with Kimura 2-parameters calculated using pairwise deletion. The bootstrap was resampled to test the phylogeny using 250 replications.
Selective pressure analysis
An analysis of the non-synonymous (dn) and synonymous (ds) substitutions (those which change or do not change the amino acid, respectively) among the G, F and N genes from different aMPVs and the determination of the evolutionary distance between the viruses was based on the Nei-Gojobori method (Kumar et al. 1994 ). For both types of substitutions, only non-zero values were retained for the analysis such that the non-synonymous to synonymous substitution rate ratio could be calculated for each pair of sequences in addition to the average for all sequences. The rates of non-synonymous and synonymous substitutions (dn/ds) as well as other complementary analyses (rates of transitions and transversions; identity and similarity) were calculated (Li et al. 1988 ) and plotted using the SWAAP 1.0.2 software (http://www.bacteriamuseum.org/SWAAP/SwaapPage. htm).
RESULTS
Phylogenetic relationships
The phylogenetic relationship between the Brazilian aMPVs, based on the sequences of the G, F and N genes, is shown in Figure 1 . All Brazilian isolates were clustered among the avian metapneumoviruses belonging to subgroup A.
High levels of nucleotide identity were found among the six aMPV/A isolates (100 % for the G gene; 98.5 to 100 % for the F gene; 95.8 % to 100 % for the N gene); however, a lower degree of nucleotide identity was observed when comparing Brazilian isolates with other viruses from different aMPV subgroups. Some of the nucleotide identities were lower than 40 %, as when comparing the F gene of the aMPV/A, aMPV/D or aMPV/C isolates. In relation to the G gene sequence, 31 % identity was observed between aMPV/A and aMPV/C strains. When comparing more closely related phylogenetic groups, such as aMPV/A and aMPV/B, the degree of similarity between G gene sequences was 61 %.
Selective pressure analysis
When comparing the aMPV/A sequences of the F, G, and N genes to those of other aMPV subgroups following the principles described by Yang & Bielawski ( 2000) , it became clear that positive selection (dn/ds > 1) plays a role in the evolution of these genes. On the other hand, when comparing F, G and N sequences within the aMPV/A subgroup, the average dn/ds ratio was lower than 1 (dn/ds < 1), indicating a negative selection on the F, G and N genes among aMPV/A isolates.
The average dn/ds ratio for the G gene was 1.04 across all subgroups, which indicates the presence of positive selection sites (H0 = dn > ds). An average dn/ ds ratio higher than 1 indicates that positive selection dominates the evolution of the gene. Nonetheless, within the G gene, sites subject to both negative selection ( Figure  2 ; sites 63-225; 261-549; 1125-1179; 1359-1377) and positive selection (Figure 2 ; positions 748-1088; 1007; 1197-1250; 1252-1257; 1341; 1396-1521) are also present. The average dn/ds ratio of the G gene from viruses within the aMPV/A subgroup was 0.049, indicating negative selection of the aMPV/A G gene (data not shown).
For the F gene, the average dn/ds ratio was approximately 1.65 across the aMPV subgroups, suggesting that a non-synonymous mutation is 165 % more likely than a synonymous mutation to become fixed -423; 477-531; 639-783; 819-891; 1179-1269; 1305-1413; 1539-1647) . The average dn/ds ratio when comparing the F gene among viruses within the aMPV/A subgroup was 0.154, indicating negative selection of the F gene from aMPV/As (not shown).
The average dn/ds ratio for the N gene was 2.34 when comparing sequences from all aMPV subgroups, which indicated the presence of positive selection sites (H0 = dn > ds). Analysis of the N gene across all aMPV subgroups identified nucleotide sites subject to both negative selection (Figure 2 ; 117-224; 333-494; 513-854; 1179-1200) and positive selection (Figure 2 ; 63-116; 225-332; 495-512; 855-1196) . The average dn/ds ratio was 0.042 for the N gene when comparing viruses within the aMPV/A subgroup, indicating negative selection (not shown).
DISCUSSION
In the present study, the phylogenetic analyses of the G, F and N genes of Brazilian aMPVs recovered from chickens and turkeys confirm that such viruses indeed belong to the subgroup aMPV/A, as previously reported (D' Arce et al. 2005 , Dani et al. 1999 . The virus has been circulating in Brazil in chicken and turkey flocks for at least the last 15 years (Arns & Hafez 1992) , and only strains belonging to the aMPV/A subgroup have been isolated thus far , D' Arce et al. 2005 , Dani et al. 1999 .
The F protein is cleaved into two subunits, the amino-terminal F2 and carboxy-terminal F1, at an arginine-and lysine-rich sequence (also know as the connecting or fusion peptide). The majority of the positively selected sites in the F gene are located in the portion of the gene encoding the F2 subunit (nucleotide 1-318), as reported (Naylor et al. 1998) . A similar pattern was observed when analyzing homologous regions of the F protein from hRSV subtypes. Another similarity between the aMPV and hRSV F genes is that the first part of F2 is more conserved than the remainder of this peptide, not only within a subtype, but also between subtypes (Naylor et al. 1998) .
A previous study showed that the predicted G proteins of the aMPV subgroups A, B and D share only 30-38% overall amino acid (aa) identity (Bäyon-Auboyer et The dn/ds ratio value across all nucleotides is also shown for the three genes (higher than 1). The peaks crossing this line indicate the nucleotides with notably high rates of nonsynonymous change.
al. 2000). These predicted G proteins appear to be related, since they are similar in size, have conserved extracellular cysteine residues, similar hydrophobicity profiles and a highly conserved extracellular 15-aa stretch (Juhasz & Easton 1994 ). However, a recent study confirmed that the aMPV/C viruses had the most divergent G genes of all aMPV (Toquin et al. 2006) . One could hypothesize that the infection of commercial poultry in Brazil occurred due to a situation similar to the one currently found in Canada, where the aMPV/C strains are circulating among wild birds (Heckert & Myers 1993) , but the viruses are currently absent from commercial avian flocks (Heckert & Myers 1993 , Heckert et al. 1994 . For this reason, surveillance of aMPV in commercial poultry is essential to detect the introduction of known and unknown subgroups of aMPVs. From the evolutionary analysis, it is clear that positive selection plays a role in the evolution of both G and F protein genes across the distinct aMPV subgroups. This was expected because most of the virus genes previously identified as under positive selection encoded viral surface proteins (Yang & Bielawski 2000) . To avoid recognition by antibodies generated in response to a prior antigen exposure, the surface proteins of the pathogen must change their structure. Hence, it is likely that evasion of the host immune system continuously drives amino acid replacements in the surface proteins (Bush 2001) . Viral surface proteins are major targets for the host's immune system (Easton et al. 2004 , Kapczynski & Sellers 2003 , what may lead to selective pressure on the surface proteins, driven by the immune system.
The nucleoprotein gene is under positive selection across all aMPV subgroups. The conservation of this gene was expected because the nucleoprotein integrates the polymerase complex, which has an essential role in aMPV replication. In addition, the nucleoprotein protects the RNA genome from RNAses (Barik 2004) . A recent study showed that some codons experienced much higher rates of non-synonymous change than others, higher than the background silent substitution rate, which may signify localized positive selective pressure (Kissi et al. 1999 ). Our analysis indicated that there are positive selection sites across all aMPV subgroups, especially for the N2 protein ( Figure 2C ; sites: 225-332; 495-512; 855-1196) . These results showed that the evolution of the N2 protein, which plays an alternative role in cells during viral infection, is elevated compared to other viral proteins (Alvarez & Seal 2005 ). An elevated rate of nucleoprotein evolution has also been demonstrated for other viruses, including the influenza A virus (Webster et al. 1992 ) and the alphaviruses (Weaver et al. 1994) .
The selective pressure analysis indicated that there is negative selection on the F, G, and N genes within the aMPV/A subgroup. This result could be explained by the high level of nucleotide identity among aMPV/A strains or by a sampling error because only a few nucleotide sequences of aMPV/A are available in the GenBank. However, due to the high genetic distances among all aMPV subgroups, the selective pressure analysis showed that there is positive selection on the F, G, and N genes across subgroups. In the future, in vivo experiments should be performed to evaluate differences in virulence, morbidity and mortality among viruses in different aMPV subgroups.
